Introduction
Nerve growth involves a major increase in the surface area of the cell and requires the constant assembly of surface structures at the growth cone. Because the ribosomes of a developing neuron are mainly confined to the cell body, new proteins are synthesized in the cell body and carried outward in vesicles by anterograde axonal fast transport'to the growth cone. Recently, newly synthesized membrane proteins were shown to be preferentially added at axonal growth cones (Craig et al., 1995) . A robust endocytosis also occurs at the growth cone, which, when coupled with retrograde fast axonal transport, carries signals back to the cell body. This retrograde traffic could balance the exocytosis of new components. Thus, it is not clear whether the bulk of the axon plasma membrane is added at the cell body or at the growth cone. Contradictory results were found in previous studies that tried to localize sites of bulk membrane addition in growing neurons (Bray, 1970; Griffin et al., 1981; Pfenninger and Maylie-Pfenninger, 1981; Popov et al., 1993; Craig et al., 1995) . If axon membrane movement during neurite extension can be measured, the balance of membrane trafficking, the site of bulk membrane addition, and the rate axon membrane exchange can be defined.
Because there is evidence for both secretion and endocytosis at the growth cone, other experiments are needed to determine whether the axon membrane is stationary or flows in an anterograde or retrograde direction. The direct analysis of membrane movement has been difficult, and most arguments have been indirect. A direct approach for probing net flow in the plasma membrane plane is the single particle tracking (SPT) technique, in which membrane proteins or lipids are tagged with antibody-coated submicrometer colloidal gold or latex particles, and the trajectories of the labeled molecules are followed by observing the particle movement (Lee et al., 1991; Kucik et al., 1990; Sheetz et al., 1989) . The SPT method provides more detailed information about membrane molecule mobility than the fluorescence photobleaching and recovery technique (Qian et al., 1991; lshihara and Jacobson, 1993) and the technique has been utilized to show that there is no bulk flow of membrane on the surface of migrating fibroblasts (Lee et al., 1993; Kucik et al., 1990; Sheetz et al., 1989) . Within neurons, the high degree of asymmetry of the neuritic processes may lead to a flow.
For membrane to flow from one end of an axon to another, there must be a driving force to pull the membrane tube over the axon cytoskeleton. In physical terms, this force must be applied to the axon membrane and would appear as a tension in the plane of that membrane. Because of the fluid nature of plasma membranes, a tension in the membrane plane is isotropic. If the membrane is deformed, then the tension will produce a restoring force, and the magnitude of the restoring force can be used to estimate the membrane tension. In practice, when membranes are deformed, a thin membrane tube or tether is produced, and the membrane tension creates a restoring force on that tether (Waugh and Hochmuth, 1987) . We can readily measure the restoring force on membrane tethers with the laser tweezers, thereby giving a direct estimate of that tension (Dai and Sheetz, 1995a) . Thus, another way to test whether there is a membrane flow along an axon is to measure the membrane tension or tether force at different regions along the axon surface. If there is a membrane flow, the tension should be smaller at the origin of the flow, because there is excess membrane in that region.
Another way to probe where axonal membranes come from is to remove membrane from the center of the axon and ask whether the replacement membrane is drawn from the cell body or the growth cone. Because membranes are very inelastic, the movement of membrane into a tether formed on an axon will create a flow of membrane to that site from the preferred site of membrane addition. In previous studies, we have found that membrane can be drawn into tethers from growth cones at rates several hundredfold greater than the natural rate of axon growth (Dai and Sheetz, 1995a) . Tether formation can thus be used as a membrane sink to determine where membrane is being added to the axon.
We have used these different criteria to analyze chick dorsal root ganglion (DRG) axons for membrane flow. The results all indicate that there is a membrane flow along the axon from the growth cone to the cell body and that it can rapidly exchange the contents of the plasma membrane.
Results

Flow of Diffusing Beads
To determine whether the membrane on axons was flowing either to or from the growth cone, we followed the movements of diffusing beads on the axons of chick DRGs. In previous studies, we found that rat immunoglobulin G (IgG)-coated beads would bind to and diffuse on most plasma membranes, including DRG axons. The bound beads did not alter cell motile behavior and continued to diffuse for relatively long periods before binding irreversibly to the glass substrate or the cell cytoskeleton. In quantitative terms, we found that 60% of the rat IgG beads bound to the membranes of chick DRG axons after they were held there for 3 s with the laser tweezers. The majority of the bound beads diffused randomly after release, but approximately 30% of the beads placed on the axons did not diffuse randomly, suggesting that some rigid contacts with the cytoskeleton were present. The diffusing beads appeared to diffuse rapidly, and when the mean squared displacement (MSD) with time plot of bead movement was analyzed (see Experimental Procedures), an apparent diffusion coefficient of 8.7 ( f 0.44) x 1 O-lo cm? s (n = 17) was determined, which is typical for membrane glycoproteins in neurons . When diffusing beads were followed over time, they underwent a net displacement toward the cell body (see Figure 1 ). This was seen most dramatically in the coordinate displacements of several diffusing beads on the same axon. In Figure 1 are three examples of multiple beads bound to the same stretch of axon over a 2-4 min period. The beads diffuse randomly with respect to one another but always undergo a net displacement toward the cell body. Upon tracking the movements of two individual IgG-coated beads on the axon, we find that the X-Y plots of bead position show that the beads sample much of the surface of the axon laterally covering the width of the axon (about 1.4 pm) and the bead diameter of 0.5 pm (see Figure 2A) . The axial movements of the beads show diffusive movement as a noise upon which is superimposed movement toward the cell body. Movement is not continuous but shows stationary periods interspersed with periods of movement away from the growth cone, where the slope of the diffusion envelope gives a velocity of 6-8 frmlmin.
In the same axons, retrograde transport vesicles move at about 240 pmlmin and show little diffusion during movement. For two beads on the same axon, the slow and rapid periods of movement are not coordinated, indicating that fluctuations in flow rate are not responsible for the apparent fluctuations in velocity. We measured the net displacements of the beads over a 40-90 s period and obtained an average velocity of 3.61 (+ 0.43 standard error) pm/ min (n = 35). To determine whether there was a significant loss or addition of membrane along the axon, we measured the average flow velocity at the growth cone (VGC) and cell body (VO) ends of the axon sequentially. No difference in the average flow velocity was found across the axon (the ratio of Vcs to VcC was -0.95, n = 11). The average DRG axon elongation rate was 1.13 + 0.19 pm/ min (n = 28) in the same preparation. When the axons were incubated at 29O-30°C, which blocked elongation, the average velocity of flow dropped to 1.17 + 0.22 km/ min (n = 8). Thus, the rat IgG beads do undergo a regular displacement toward the cell body, consistent with diffusion on a membrane flowing from the growth cone to the cell body.
Flow of Lipid-Attached
Beads It is possible that the rat IgG is bound to an unusual glycoprotein that is moved to the cell body; therefore, we examined the behavior of beads linked to membrane lipids. Beads (0.5 pm in diameter) were coated with an antifluorescein monoclonal antibody and were bound to axons labeled with fluorescein-modified phosphatidylethanolamine (FL-PE) (Lee et al., 1991) . When the beadswere held by laser tweezers for 3 s on axon membranes containing FL-PE, 18% of the beads were bound and diffused on the axon surface after the tweezers was turned off. Binding dropped to 2% when free fluorescein (2 uglml) was added and to 1 O/O when no FL-PE was added to the membranes. Bound beads diffused randomly along the axon with an apparent diffusion coefficient of 2.41 ( f 0.68) x 1 Ow9 cm*/ s (n = 23). It was noted that the diffusing beads normally were biased in their diffusion toward the cell body. Figure  2B shows that the beads sampled much of the surface of the axon, and the axial movements show a wider diffusion envelope and a steadier movement toward the cell body than the IgG beads, at an average velocity of 6-9 pmlmin. When the displacements were recorded over a 40-90 s period and expressed as a velocity, an average apparent velocity of 8.87 (standard error, + 0.79) pmlmin (n = 33) for anti-fluorescein-bound beads was obtained, which was significantly different from the velocity for IgG beads (P < 0.001). Doping of the membranes with FL-PE did not significantly alter the average elongation rate of the axons (1.06 f 0.14 pmlmin [n = 171). The anti-FL antibodycoated latex beads diffused faster than the IgG beads and These diffusing beads walk randomly with respect to one another but always undergo a net displacement toward the cell body. The times are noted, and the beads are identified. moved toward the cell body at a higher average rate. The average diameter of the axons was 1.38 f 0.32 (n = 48) vm, as determined by analyzing the video images; consequently, we estimate that an area of approximately 30 pm2 of membrane is moving rearward per minute.
Another way to analyze the motion of the beads is illustrated in Figure 3 , where the diffusive and flow components of beads are separated mathematically in a modification of the diffusion equation. An MSD versus time plot for a diffusing bead on a flowing membrane will have a quadratic term that represents the flow. For anti-FL antibody beads, we find an upward curvature of the MSD versus time plots, indicating that the movement of the beads includes both directed and diffusive motion ( Parallel displacement with time plots (a2 and b2) show diffusive movement with a directed movement toward the cell body superimposed.
The overall rate of movement (about 7 umlmin) is similar to the maximum rate of movement of the IgG beads.
ing the equation MSD = 2Dt + (vt)', we find that the average velocity(v) of the directed movement of the bead from the growth cone to the cell body in this case is 11.7 km/ min, which is similar to the velocities that were calculated from net displacements of the beads that diffused for 40-90 s. Mathematical analysis of the lipid bead diffusion also provides evidence of a rapid flow in addition to diffusion.
Tether Force Is Greater at the Cell Body End of the Axon For the membrane to flow from the growth cone to the cell body, there must be a force pulling or pushing it over the axon cytoskeleton. From previous studies, it is clear that the plasma membranes of most cells, including neurons, are drawn down onto the cytoskeleton through adhesion to the cytoskeleton and a membrane tension that would stretch the membrane. This suggests that the membrane would be pulled toward the cell body by a greater membrane tension at the cell body. Further, the fluid nature of membranes would not support a pushing force. A membrane tension is isotropic and will resist deformation of the membrane in all directions. We can deform axon mem- The diagram (A) shows that if the bead was diffusing as the axon membrane was moving, then the normal diffusion envelope was simply displaced by the product of the velocity and the time. The MSD of the beads can be described by the following equation: MSD = 2Dt + (vt)' (Sheetz et al., 1989) where D is the apparent diffusion coefficient, t is the time interval, and v is the velocity of the flow. In (B), an MSD versus time plot of an anti-FL bead moving on an axon (dotted line) shows a positive deviation from linearity. The curve is best fit with a quadratic equation including terms for diffusive movement (straight line, with an apparent D = 2.3 x 10m9 cm%) and flow at an average velocity of 11.7 umlmin.
Membrane
Tether Force The diagram shows that the static tether force near the cell body is significantly greater (P < 0.02) than the force at the growth cone. The photomicrographs show that the axon diameter is significantly smaller near the cell body than near the growth cone (the ratio of diameters at the growth cone to those at the cell body is 1.57 f 0.07 [standard error, n = 211).
branes in a controlled way with a laser tweezers force applied to the membrane-attached beads. Pulling on the beads will produce a thin membrane tube or tether (see Figure 4) , and the force on that tether can be related to the membrane tension (Hochmuth et al., 1995) . There are several terms in the tether force, including the membrane bending stiffness, the membrane adhesion to thecytoskeleton, and a mechanical in-plane tension. Because there is no way to separate the membrane adhesion from the in-plane tension terms for a cell that has a complex shape, such as a neuron, we have included both terms in what we are defining here as a membrane tension (Dai and Sheetz, 1995b; Hochmuth et al., 1995) . Thus, for a membrane flow from the growth cone to the cell body, there must be a driving force of a higher membrane tension at the cell body.
To explore whether a membrane tension could drive this flow, tethers were formed on axons either 4 urn from the cell body or 4 urn from the growth cone. The force exerted by the tether on the bead was determined from the displacement of the bead from the center of the tweezers (Dai and Sheetz, 1995a) . Tethers were 10 urn in length and were held stationary for 1 O-20 s. As in previous studies, the force on the bead was independent of tether length in the range of 5-30 urn (Dai and Sheetz, 1995a) . The axons were 60-100 urn in length. Figure 4 shows that the force exerted by the tether was on average 2.25 pN greater at the cell body than at the growth cone (P < 0.02). In addition to the membrane tension, the membrane bending stiffness contributes to the force on a tether (Hochmuth et al., 1995) . If the membrane bending stiffness was the same at both ends of the axon, the diameter of the tether should be inversely related to the tether force. When we measured the apparent diameters of the tethers at the cell body and the growth cone from the relative contrast of the tethers (Schnapp et al., 1988) we found that the tethers at the growth cone were 1.24-fold f 0.1 O-fold (n = 21) larger than those at the cell body. This is within experimental error of the inverse ratio of tether forces (1.38 + 0.14, n = 20). Thus, we find that the membrane tension is greater at the cell body than at the growth cone and would drive membrane movement in that direction.
The greater membrane tension at the cell body would produce a compressive pressure on the axon, which may result in the constriction of the axon at the cell body. When the axon diameters were compared for points 4 urn from the cell body versus 4 urn from the growth cone, the axon at the growth cone was 1.57-fold + 0.07-fold (n = 21) larger than at the cell body. This dramatic difference in diameter is seen in stretches of the axon that are clearly separated from the growth cone ( Figure 4 ) and show no tapering. A thinning of the axon near the cell body is observed, which is consistentwith the higher membrane tension observed there.
A test of whether tension does drive the flow is to determine the rateof membraneflowsupported by theobserved tension difference. In other words, a flow velocity can be calculated from the viscous resistance of the axon and the tension difference, which should correspond to the velocity observed by the bead movements. The viscous resistance of the axon was derived from the changes in tether force with changes in velocity of tether formation, which were shown previously to be linearly related (Dai and Sheetz, 1995a) . We found that the force on the tether increased 1.5 pN per pm/s increase in the velocity of tether extension for tethers formed in the center of the axon. AS a test of the linearity of the tension along the axon, we measured the tether force at zero velocity to be 6.08 pN, which is indeed intermediate between the tether forces at the cell body and growth cone. The average tether diameter was estimated from the relative contrast of the tether to be about 0.4 urn (1.26 um'of membrane per micrometer of tether). Thus, we estimate that 56 urn* of membrane per minute would be moved by a gradient in tension corresponding to a difference of 2.25 pN in the tether force over the length of the axon (Figure 4 ). This is in excess of the observed value of 30 um?min for the lipid-attached beads. Thus, the membrane tension difference between the cell body and the growth cone is sufficient to account for the observed membrane flow.
Tether Formation and Membrane Flow Another way to test whether membrane is being preferentially added to the axon at the growth cone is to create a membrane flow in the center of the axon by forming a membrane tether with the laser tweezers. We formed membrane tethers with an apparent diameter of 0.4 urn that were extended rapidly to a length of 15-20 vrn (velocity was 5-l 0 urn/s). This created a flow of 19-25 km2 of membrane to the site of tether formation. Diffusing beads on the axon should flow toward the tether site from the site of membrane addition to the axon. Two diffusing beads were placed on an axon, one on either the cell body or the growth cone side of the tether. After a tether was pulled, the bead on the growth cone side of the tether moved toward the tether site, whereas there was barely detectable movement of the bead on the cell body side ( Figure 5 ). On average, the anti-FL bead displacements were 0.89 + 0.25 urn (standard error, n = 20) and 4.12 f 0.28 pm (standard error, n = 29) for the beads on the cell body and growth cone sides, respectively ( Figure 6A ). Similarly, with the IgG beads, the displacements on the cell body and growth cone sides were 0.74 f 0.15 (standard error, n = 52) and 4.15 f 0.40 (standard error, n = 87)pm, respectively(Figure6B).
Becausetheflowontothe tether was rapid, the sum of the net particle displacements corresponded to the amount of axonal membrane moved into the tether, or on average, 22 urn*. Thus, about 80% of the membrane that was drawn into a tether came from the growth cone, while only 20% from the cell body (Figure 7) . flow from the Growth Cone Is inhibited by Brefeldin A If the flow of membrane from the growth cone results from the incorporation of membrane into the growth cone through a normal secretion process, then the addition of brefeldin A, which partially inhibits transport in axons (Smith et al., 1994) , should cause a decrease in the flow. Cells were treated with 5 pglml of brefeldin A for 1 hr prior to analysis. The results showed that for diffusing IgG beads on the axon, the average flow velocity was 3.61 f 0.43 pmlmin (n = 35) but was reduced to 1.55 f 0.45 umlmin (n = 14) when cells were treated with brefeldin A. There was a P-fold decrease (P < 0.05) in the apparent flow rate of beads coated with rat IgG in the presence of brefeldin A.
Discussion
All of these findings suggest that there is a net flow of plasma membrane from the growth cone to the cell body. Diffusing beads on the axon flow from the growth cone to the cell body, and a membrane tension gradient exists that would drive the membrane in that direction. Further, induction of a flow of membrane into an axon tether draws membrane primarily from the growth cone. We estimate that the flow rate is in excess of 7 pmlmin, on the basis of the lipid-attached bead transport rate and the tension drop across the axon. From the rates of flow observed, the whole membrane of an axon 200 pm in length could be exchanged in 30 min or less. Several alternative hypotheses can be readily ruled out. The diagram shows that 80% of the tether membrane comes from the growth cone side, and 20% comes from the cell body side. The area of membrane estimated to be in the tether equals that calculated from the movement of the beads on the axon.
Active retrograde cytoskeletal transport could cause rearward surface particle movement on axons by a mechanism similar to the forward movements of particles on growth cones . Such transport could not explain either the rapid flow of membrane from the growth cone to the tether site when flow is induced or the greater membrane tension at the cell body end of the axon. In another scenario, both the greater membrane tension at the cell body end of the axon and the decreased flow from the cell body could result from a stronger attachment of membrane to the cytoskeleton at the cell body. However, that would not explain the flow of diffusing beads. The simplest explanation for all three types of observations is a rapid flow of membrane from the growth cone to the cell body. In the diffusing bead measurements, the velocity of flow of the two sets of beads differed by approximately a factor of two, as did the diffusion coefficients. The more rapidly diffusing beads were displaced further. This could be explained by suggesting either that the slower diffusing IgG beads were interacting selectively with the cytoskeleton, or that there was a direct correlation between the diffusion coefficient and flow rate. If the second case were true, there would be a dramatic concentration of proteins in the axon because of their slower diffusion and consequently slower transport rate. There is synthesis of lipid in the distal portions of growing axons (Vance et al., 1991) that could serve to dilute the membrane proteins in the anterogradely transported vesicles. In that case, the difference in flow rates would serve to reconcentrate proteins in the axon plasma membrane. Alternatively, the IgG beads interact much more strongly with the cytoskeleton than uncross-linked proteins, slowing their flow significantly. In this case, the flow rate of the lipid-linked beads would represent that of the bulk membrane, and concentration would only occur upon selective binding to the cytoskeleton. Since the IgG beads often experience periods where they are not flowing, they do appear to be held back by barriers to diffusion. In previous studies of bead movement on axons, larger beads were used, which were attached to the cytoskeleton (evidenced by the lack of bead diffusion), and no retrograde movement was observed (Bray, 1970; Popov et al., 1993) . In the chick DRG axon, the bulk of the cytoskeleton appears stationary (Martenson et al., 1993; Okabe and Hirokawa, 1993 ) and a greater interaction of the IgG beads with the cytoskeleton could dramatically reduce the apparent velocity. Further analysis is needed to differentiate between a diffusion-related mechanism for slowing the IgG bead movement and a selective interaction with the cytoskeleton. If the correlation between diffusion coefficient and flow can be extrapolated for the free lipids, then the free lipid flow rate may be even greater than the value observed here. Consequently, we suggest that the actual flow rate is equal to or greater than the observed 6.7 umlmin.
Because of the large size of the beads, 0.5 pm, with an estimated membrane contact area of 0.2-0.3 pm in diameter, even the lipid-bound beads will be in contact with some membrane proteins. It is perhaps surprising that the beads are not bound to the cytoskeleton. However, in other systems, the distance between rigid barriers to diffusion is on the order of one to several micrometers (Debrabander et al., 1991; Edidin et al., 1991; Sheetz et al., 1989) . The cross-linking of lipids by particles slows their apparent diffusion coefficient by nearly P-fold in other systems (Leeet al., 1993) , and theobserved diffusion coefficients for the FL-PE attached beads are very similar to those earlier measurements. Further, the diffusion coefficient of the IgG beads was similar to that observed for specific antibodies to neuronal proteins . The quantitative characteristics of the bead diffusion are in line with previous observations.
For the membrane to flow, there must be a force driving it. When we measured the force on static tethers at the cell body and growth cone ends of the axon, we found a 2.25 pN difference in the tether force that was due to a difference in membrane tension. Because the velocity of tether formation was linearly related to the force on the tether (Dai and Sheetz, 1995a) , we could estimate the velocity of flow supported by that tension difference. Assuming that the drag from the center of these axons (1.5 pN/pm/s) was half the drag of the whole axon and that the diameters of the tether and axon were 0.4 and 1.38 pm, respectively, we calculated that a flow rate of 57 urn'/ min would be driven by the tension corresponding to a 2.25 pN force drop. These results further support the possibility that the actual flow rate is greater than observed.
In other studies, we have found that membrane tension is a highly regulated parameter and have proposed that it can be used to control membrane surface area (Dai and Sheetz, 1995b) . The forces generated by membrane tension are sufficient to inhibit molecular motors mechanically (Svoboda et al., 1993; Kuo and Sheetz, 1993) . Previous findings showed that the laser tweezers ligation of vesicle transport in chick DRG axons blocked axon elongation (Martenson et al., 1993) . A consequence of the block of membrane addition at the growth cone would be a rise in the membrane tension that could logically inhibit extension of filopodia and would favor retraction of the growth cone. In the case of axonal flow, the membrane tension providesadrivingforceforthe membraneflow. Inaddition, the greater tension at the cell body end of the axon would produce a greater constricting force on the axon that could al., 1993) . In studies of the axon microtubules, dramatic differences were also seen between frog and rat DRG systems; they are consistent with the differences seen here (Reinsch et al., 1991; Hirokawa, 1990, 1993 (Heidemann et al., 1990) . Secondly, flow was suggested as an important driving force for cell migration (Bretscher, 1984) ; however, many studies showed that a bulk flow of membrane does not occur in migrating cells (Sheetz et al., 1989; Kucik et al., 1990; Lee et al., 1990) . In this case, the force that could be generated on a stationary membrane contact would be very small, as estimated from the rapid diffusion of even 0.5 pm spheres on the axon. Plus, the tension produced would be several orders of magnitude too low to account for the forces that growth cones normally develop on matrix contacts (Heidemann et al., 1990 Chick DRG Culture Chick DRG explants were dissected from 12-day-old chick embryos and plated in growth wells on treated coverslips.
To prepare the cell growth wells, 20 x 20 mm (number 1) glass coverslips (Becton Dickinson Labware, Lincoln Park, NJ) and 10 mm diameter cloning cylinders (Bellco, Vineland, NJ) were cleaned by soaking in 20% nitric acid for 2-3 hr, followed by rinsing in distilled water for 1 hr. Then they were put into 95% ethanol overnight and rinsed in distilled water for at least 2 hr. After drying and sterilization, a cloning cylinder was secured to the coverslip with sterilized silicone grease to form a growth well. The growth well was coated with 0.01% poly-L-lysine for 15 min at room temperature, rinsed three times with sterilized water, then dried in a sterile hood. Just before the dissection, poly-L-lysine-coated growth wells were exposed to a solution of Matrigel (Collaborative Research, Bedford, MA) and minimal essential medium (MEM) in a 1:50 ratio. Explants were maintained at 37"C, 5% CO, in clear MEM (GIBCO BRL, Grand Island, NY) supplemented with the following: 20 mM HEPES, 6 mglml glucose, 5 rtllrnl penicillin/streptomycin (GIBCO), 2 mM L-glutamine, 10 PI/ml N2 serum-free supplement (GIBCO), and 10 nM/ml nerve growth factor (NGF 2.5s; GIBCO). The explants were used after they had been incubated for 24-48 hr.
Bead Preparation
In previous studies, we observed that covaspheres coated with a control IgG preparation would bind to growth cone membranes without any apparent perturbation of growth cone behavior. To prepare IgG-coated beads, rat IgG (Sigma, St. Louis, MO) was solubilized at a concentration of IO mglml in PBS. Then, 50 ~1 of covaspheres (0.5 pm, Duke Scientific, Palo Alto, CA) was added to 50 pl of the above IgG solution and was incubated at 4OC overnight. The beads were pelleted by centrifugation at 2000 x g and 4°C for 10 min. Then the beads were resuspended in 1 mglml BSA-PBS solution, rinsed by pelleting and resuspension with MEM three times, and resuspended in 100 ~1 of MEM. For the experiments, the bead solution was diluted 3:lOO in DRG medium. To prepare the anti-FL monoclonal antibody-coated beads, 20 ~1 of covaspheres was added to 30 ~1 of 2 mglml antibody (Molecular Probes, Eugene, OR) PBS solution. The washing steps were the same as for the preparation of the IgG-coated latex beads.
Calibration of the Laser Tweezers The laser optical trap was calibrated by viscous drag through the aqueous medium in the microscope focal plane. The viscous force was generated by oscillatory motion of the specimen by a piezoceramicdriven stage (Wye Creek Instruments, Frederick, MD) at a constant velocity. The position of the bead in the trap was tracked by using the nanometer-level tracking program (Gelles et al., 1988) to analyze video records of the experiments. Positional variation of the particle in the trap with 60 mW of laser power entering the microscope was 11 (f 1.7) nm. The calibration showed a very linear force-distance relationship for the optical tweezers.
To study the variation in trap calibration with height above the coverslip surface, latex beads (0.5 pm in diameter) were trapped with the same laser power at different perpendicular positions. There was an increase in particle displacement at 2 Km or less from the glass surface that implied a viscous coupling to the coverslip surface. From 2 pm to 5 pm above the surface, the force on the beads in the trap was constant.
This calibration was used to calculate the forces that form tethers. All these experiments were performed 3-4 pm above the coverslip surface to minimized viscous coupling to the glass surface, and the laser power was simultaneously monitored.
Laser Tweezers
Manipulations Topreparesamplesforobservation, thecloningcylinderwasremoved, and the coverslip containing the cells was mounted on an aluminum coverslip holder with silicone grease; then a second cleaned coverslip was mounted on top to form a flow cell. The IgG-covered latex beads and anti-FL antibody-coated bead suspensions in medium were exchanged for the normal medium. The growth cones were viewed by a video-enhanced differential interference contrast (DIC) microscope (IM-35 microscope:
Zeiss, Oberkochen, Germany) with a fiber optic illuminator. The stage was maintained at 38°C by using an air current incubator.
The laser trap consisted of a polarized beam from an 11 W TEMOO-mode near-infrared (1064 nm) Nd:YAG laser (model 116Fn, Quantronix
Corp., Smithtown, NY) that was expanded by a 3x beam expander (Newport Corporation, Irvine, CA), then focused through an 80 mm focal length achromatic lens (Melles Griot, Irvine, CA) into the epifluorescence port of a Zeiss IM-35 microscope (Kuo and Sheetz, 1992) . To measure axon extension, the nerve growth cone positions were recorded on video tape and analyzed later by a ruler program. To observe the diffusing bead movements on the axons, beads were held at the axon surface by the laser optical tweezers with -40 mW of power. To label cells with FL-PE, the DRG cells were first incubated with 1 pglml FL-PE (Molecular Probes, Eugene, OR) in the medium for 15 min before exchange with fresh medium. Videotape records of the diffusing beads were analyzed off-line. For the experiments in whichflowwascreated bytetherformation, twoor three IgG-oranti-FLcoated beads were placed on the axon with the laser optical tweezers. The central bead was used to form a tether of 15 Km in length with the laser tweezers (60 mW of laser power). Positions of the other bead(s) were recorded before and immediately after tether formation, and the displacement caused by tether formation was determined. To measure the membrane static tether force at different regions along the axon, IgG-coated beads were bound to the axon near the cell body or near the growth cone (approximately 4 Urn into the axon). Then the bead was pulled out at a constant velocity and held for several seconds at a constant tether length (-15 wm). To measure the static tether force, Fs, the position of the bead in the trap during the stationary phase was measured with the nanometer-scale tracking program that had been developed previously (Gelles et al., 1988) , and the force (F) of the tether on the bead was calculated from the calibration of the laser trap.
